We present the crystal structure and magnetic properties of Y3Cu9(OH)19Cl8, a stoichiometric frustrated quantum spin system with slightly distorted kagome layers. Single crystals of Y3Cu9(OH)19Cl8 were grown under hydrothermal conditions. The structure was determined from single crystal X-ray diffraction and confirmed by neutron powder diffraction. The observed structure reveals two different Cu-positions leading to a slightly distored kagome layer in contrast to the closely related YCu3(OH)6Cl3. Curie-Weiss behavior at high-temperatures with a Weiss-temperature θW of the order of −100 K, shows a large dominant antiferromagnetic coupling within the kagome planes. Specific-heat and magnetization measurements on single crystals reveal an antiferromagnetic transition at TN = 2.2 K indicating a pronounced frustration parameter of θW /TN ≈ 50. Optical transmission experiments on powder samples and single crystals confirm the structural findings. Specific-heat measurements on YCu3(OH)6Cl3 down to 0.4 K confirm the proposed quantum spinliquid state of that system. Therefore, the two Y-Cu-OH-Cl compounds present a unique setting to investigate closely related structures with a spin-liquid state and a strongly frustrated AFM ordered state, by slightly releasing the frustration in a kagome lattice.
I. INTRODUCTION
Quantum spin systems with Cu 2+ ions are suitable materials to study quantum many-body effects under variable conditions. Prominent examples are lowdimensional materials with strong magnetic frustrations. In these systems, a quantum spin-liquid state can be realized at low temperatures which is a highly correlated state that has no static magnetic order, despite sizeable magnetic interactions [1] . Compounds with decoupled antiferromagnetic kagome layers are prototypical systems to search for an experimental realization of the quantum spin-liquid state and Herbertsmithite, ZnCu 3 (OH) 6 Cl 2 , has become one of the most prominent materials in recent years [2] [3] [4] [5] .
The dominant magnetic interaction in Herbertsmithite is caused by Cu-O-Cu antiferromagnetic superexchange with an exchange energy of J ∼17 meV, but no magnetic long-range order has been observed down to T = 50 mK [5] . Therefore, the spin-liquid ground-state of this material could be investigated in great detail (see e.g. a recent review in [6] ). One structural drawback of Herbertsmithite is the intrinsic Zn-Cu-antisite disorder, which makes it challenging to achieve a structurally perfect ZnCu 3 (OH) 6 Cl 2 crystal. Furthermore, the amount of antisite disorder is difficult to quantify with X-ray scattering techniques [6, 7] . Several structural variants including polymorphism with varying intersite Cu-M mixing are common features of Cu-based kagome compounds such as: Herbertsmithite -Kapellasite [5, 8] , Mg-Herbertsmithite -Haydeaite [9] , Volborthite -Vesignieit [10, 11] , Francisite [12] and Centennialite [13] . From this point of view, novel kagome systems with highly ordered crystal structures are essential to uncover the intrinsic properties of the kagome antiferromagnet. In addition, the frontier of Herbertsmithite is chemical doping [6] since Mazin et al. have proposed that a correlated Dirac metal can be found in electron-doped Herbertsmithite which might be realized by replacing Zn by a threevalent ion [14] .
Recently, W. Sun et al. reported on a nonhydrothermal synthesis of YCu 3 (OH) 6 Cl 3 with LiOH and LiCl as pH regulating additives [15] , enclosed in an autoclave to trap the crystal water. The reported structure is P3m1 with one crystallographic copper position revealing a perfect two-dimensional kagome lattice. The determined crystal structure is more reminiscent to what was found in Kapellasite, a structural polymorph of Herbertsmithite [16] . They also show with Rietveld refinement of X-ray diffraction (XRD) data and nuclear magnetic resonance (NMR) that there is no significant Y -Cu exchange. In magnetic measurements on polycrystalline samples with small amounts of impurity phases Sun et al. see no magnetic order down to 2 K. The authors report that the absence of free water in the starting mixtures has been proven to be a key factor in the formation (and preservation) of this structural variant.
Here, we report on a different synthesis procedure in the Y-Cu-OH-Cl system and we obtain single crystals of Y 3 Cu 9 (OH) 19 For the crystallization, we placed duran glass ampoules filled with the solution in the autoclave and filled it with distilled water to ensure the same pressure as in the ampoules. The ampoules were loaded with 0.59 g Y 2 O 3 , 0.82 g CuO, 0.89 g CuCl 2 ·2 (H 2 O) and 10 ml distilled water and then sealed at air. The autoclave was heated up to 270°C in four hours and subsequently cooled down to 260°C with 0.05 K/h, followed by a fast cooling to room temperature. Afterwards, the ampoules were opened and the content was filtered with distilled water. Unlike in the synthesis of the similar compounds (Herbertsmithite, MgCu 3 (OH) 6 Cl 2 Mg-Herbertsmithite [17] , and CdCu 3 (OH) 6 Cl 2 [18] ) there is no need to use excess Y in the growth, since the Y 2 O 3 can easily be solved in chloridic solutions [19] . Attempts with an excess of YCl 3 in the solution in fact lead to a formation of Y(OH) 3 . In addition, only the x = 1 stoichiometry of Y x Cu 4−x (OH) 6.33 Cl 2.77 forms and we have not observed any phase with a x-value below 1, in contrast to the other compounds of this family.
Furthermore to compare the magnetic ground state of the two structural variants, we have reproduced the synthesis of polycrystalline YCu 3 (OH) 6 Cl 3 with the flux method from Ref. [15] , where Y(NO 3 ) 3 · 6H 2 O melts at 50°C, starting to form complexes [20] . We analysed the obtained powder with laser ablation -inductively coupled plasma -mass spectrometry (LA-ICP-MS). We found only a few ppm of Lithium and could therefore exclude lithium incorporation in YCu 3 (OH) 6 Cl 3 .
B. Characterization
For the single crystal structure determination the data were collected at 173 K on a STOE IPDS II two-circle diffractometer with a Genix Microfocus tube with mirror optics using Mo K α radiation (λ = 0.71073Å). The data were scaled using the frame scaling procedure in the X-AREA program system [21] . The structure was solved by direct methods using the program SHELXS [22] and refined against F 2 with full-matrix least-squares techniques using the program SHELXL-97 [22] . The H atoms bonded to O2, O3, and O4 were found in a difference map and were isotropically refined with the O-H distance restrained to 0.84(1)Å, whereas the H1 atom bonded to O1 was geometrically positioned and refined using a riding model. The crystal was twinned about (-1 0 0/1 1 0/0 0 -1) with a fractional contribution of 0.601(4) for the major domain. The space group R3 was chosen, because the structure proved to be centrosymmetric (thus R3 could be excluded) and no hints for any mirror planes were detected (excluding space groups R3m and R3m). We measured neutron powder diffraction at the high-resolution powder neutron diffractometer HRPT [23] , at the Paul Scherrer Institute in Villigen. An amount of ∼ 1 g of Y 3 Cu 9 (OH) 19 Cl 8 was enclosed into a vanadium can with an inner diameter of 6 mm and the measurement was carried out at room temperature with a wavelength of λ = 1.494Å. The Rietveld refinement, of the neutron data, accomplishing the crystal structure was done using the fullprof suite [24] . Low-temperature diffraction data were collected with a Siemens D-500 diffractometer with Cu K α radiation (λ = 1.5406Å), here, the sample was placed on a Cu-sample holder in a Lakeshore M-22 closed cycle refridgerator.
For the optical characterization a Bruker Fouriertransform infrared spectrometer and a Woollam spectroscopic ellipsometer have been utilized. Optical transmission experiments in the mid-infrared range were performed with KBr powder pellets whereas thin flakes were used in the visible/UV range. The discussed features were also observed in single-crystalline samples of different thickness (d = 15 − 70 µm) proving them as bulk properties.
The specific-heat data and magnetic measurements were collected with the standard options of a Physical Property Measurement System from Quantum Design in a temperature range of 0.4 to 300 K. The crystal structure of Y 3 Cu 9 (OH) 19 Cl 8 is different from the theoretically proposed structure for electrondoped Herbertsmithite [14] as well as the structure reported by [15] . The additional electron from yttrium is bound with additional Cl − / OH − anions, so electron doping of Herbertsmithite was not successful in this structure. In agreement with Ref. [25] , the Y-atoms are not incorporated into the interlayer site but in the kagome layer. Thus, Y 3 Cu 9 (OH) 19 Cl 8 consists of repeating kagome layers. The distances between the Cu atoms are 3.2498Å/3.3683Å/3.3762Å within the layer and 5.8607Å/ 5.6788Å between the layers. In comparison, Herbertsmithite has Cu distances of 3.416Å and 5.087Å [7] . In Figure 1 , the obtained crystal structure of Y 3 Cu 9 (OH) 19 Cl 8 is shown. A comparison of the two similar structures can be made from Figure 1 b ) and c). In contrast to Y 3 Cu 9 (OH) 19 Cl 83 , the P3m1 structure has a partial disorder, for the two inequivalent Y positions, displayed as white parts of the sphere. The full occupancy of these two crystallographic Y positions in Y 3 Cu 9 (OH) 19 Cl 8 causes the Cu-atoms to be slightly misaligned from a perfect plane. W. Sun et al. observed an increasing occupation of these disordered yttrium-atoms with decreasing temperature showing a tendency to the R3 structure when lowering the temperature [15] . A refinement plot based on the neutron powder diffraction data, at room temperature taken on 1 g of Y 3 Cu 9 (OH) 19 Cl 8 is shown in Figure 2 . The structure concept was obtained by the above described sin-gle crystal X-ray data and the refinement of the neutron data confirmed that structure solution. A small amount of unreacted CuO and Cu 2 (OH) 3 Cl was observed in the large powder sample which formed due to the offstoichiometric synthesis conditions. The unaccounted reflex part at 37°can also be accounted to some impurity phase.
It should be noted, that neutron scattering lengths of Y and Cu are in fact very close to each other: 7.75 and 7.718 fm, which makes them practically indistinguishable in neutron refinements. We therefore concluded the stoichiometric ordering without sizeable Y-Cu site exchange from the single-crystal X-ray refinement. There, the scattering cross sections for Y (Z = 39) and Cu (Z = 29) are sufficiently different. We have used X-ray diffraction to prove the ideal cation order of the Y and Cu, and neutron diffraction to identify and precisely refine the positions of the hydrogen atoms in the structure, since the scattering contrast of hydrogen is sufficiently high in neutron diffraction (scattering length is negative, b H = −3.739 fm, as opposed to +7.75, +7.718, +5.803, and +9.577 fm for Y, Cu, O, and Cl, correspondingly), which allowed for a refinement of the atomic positions of hydrogen in the structure. Using a sample produced with chemicals containing natural hydrogen (and not deuterium, as usually done for a neutron diffraction study) did of course condition a rather high background of incoherent scattering in the pattern, thus a longer acquisition time was needed to achieve sufficient statistics for a reliable refinement. We note that using a third Cl place instead of the proposed O1 and H1 places would lead to the stoichiometry YCu 3 (OH) 6 Cl 3 similar to the structure of Ref. [15] . Neutron refinement indicates the absence of the H1 atom, thus only fully occupied O1, the result was not taken into account due to charge balance. The phase stability at various temperatures was investigated using powder X-ray diffraction (PXRD) data at 10 K -300 K in 20 K steps. The inset in Fig. 2 reveals that no structural phase transition could be resolved down to 10 K.
The two structure types are further compared in Fig.  3 , where we present PXRD data of the two Y-Cu-OH-Cl compounds. For that we have reproduced the synthesis method of Ref. [15] . From Fig. 3 it is obvious, that a discrimination between the two compounds can be easily done using PXRD. 
FIG. 4.
Powder transmission measurements in the midinfrared spectral range reveal pronounced differences between the Kagome-lattice compounds YCu 3 (OH) 6 Cl 3 (red dotted line), Y 3 Cu 9 (OH) 19 Cl 8 (blue) , α-ZnCu 3 (OH) 6 Cl 2 (Kapellasite, green) and ZnCu 3 (OH) 6 Cl 2 (Herbertsmithite, black). For the latter compound, our data (full line) match perfectly with literature (dashed line) [26] . Similar as for the two ZnCu 3 (OH) 6 Cl 2 polymorphs, there are striking differences in the optical response between YCu 3 (OH) 6 Cl 3 from Ref. [15] and Y 3 Cu 9 (OH) 19 Cl 8 which reflects the structural differences like bond lengths and angles. While the vibrational features in the range 700 -1000 cm −1 are associated with CuO-H deformations (a) and thus give information about the kagome layer, O-H stretching vibrations are observed between 3200 and 3500 cm-1 (b) [26, 27] .
As these materials are insulators, the electrodynamic response in the mid-infrared range is dominated by phonons. Following the assignment of previous studies, the features around 700 -1000 and 3200 -3500 cm −1 are related to CuO-H deformations in the Kagome layer and O-H stretching vibrations, respectively [26, 27] . In   Fig. 4 , we plot the optical transmission spectra for the related Kagome-lattice compounds YCu 3 (OH) 6 Cl 3 (from Ref. [15] ), Y 3 Cu 9 (OH) 19 Cl 8 , α-ZnCu 3 (OH) 6 Cl 2 (Kapellasite, Ref. [8] ) and ZnCu 3 (OH) 6 Cl 2 (Herbertsmithite, our study and Ref. [26] ). There are striking differences between the two ZnCu 3 (OH) 6 Cl 2 polymorphs, such as the absence (or strong softening) of the 940 cm −1 mode in Kapellasite, which reflects the structural differences like bond lengths and angles. Similarly, we clearly observe severe discrepancies between YCu 3 (OH) 6 Cl 3 from Ref. [15] and Y 3 Cu 9 (OH) 19 Cl 8 : Comparing the two we find a shift and splitting of the modes around 928 cm −1 and 700 cm −1 , respectively, as well as additional peaks at 860 cm −1 and 3280 cm −1 , confirming the structural differences in these compounds, which is consistent with the discussed structure details. In addition, we have performed optical transmission experiments on thin single crystals to study the electronic excitations in the visible and ultraviolet spectral ranges. The absorption spectrum shown in Fig. 5 reveals the crystal field splitting of Cu d-orbitals due to Jahn-Teller distortions in the visible and the charge-transfer band with a van-Hove like peak at 29 100 cm −1 (3.6 eV) in the UV. The d-d transitions have maxima at 11 500 and 14 700 cm −1 which is in the typical range of copper-oxides [28, 29] . The blue-green colour of the crystals stems from the transmission maximum at 20 000 cm −1 . From our optical experiments at lower frequencies we found no indication of the Dirac bands [14] . This agrees with the stoichiometry as the excess charge of the Y 3+ cations is balanced by Cl − /OH − anions and the kagome layer is actually not doped.
C. Magnetic susceptibility and specific heat
In Fig.  6 , we present the inverse susceptibility of Y 3 Cu 9 (OH) 19 Cl 8 measured on a single crystal for two different directions of the magnetic field. In the temperature range 100-300 K, a clear Curie-Weiss behaviour is observed with a large negative Weiss temperature of Θ W = −100 K for fields perpendicular to the kagome plane indicating a strongly antiferromagnetic mean-exchange field. The effective moment for a magnetic field applied perpendicular to the kagome plane is µ ef f ≈ 2.07 µ B /Cu resulting in a Landé factor of g ≈ 2.39, assuming a simple J = S = 1/2 coupling system, typical for Cu We performed specific-heat measurements on Y 3 Cu 9 (OH) 19 Cl 8 single crystals in the temperature range from 0.35 to 270 K. While all powder samples contain small amounts of Clinoatacamite only some crystals have Clinoatacamite twinnings on their surface leading to an anomaly at 6.5 K from the magnetic ordering of this impurity phase [6, 9] . The phase stability of Y 3 Cu 9 (OH) 19 Cl 8 is close to that of Clinoatacamite and always both phases are formed if the hydrothermal growth conditions are applied that are described above. In magnetic measurements, the impurity contribution can even dominate the signal and we have taken great care to select a crystal without this impurity phase. In Fig. 7 , the temperature and magnetic-field dependent specific heat of a single crystal without any impurity phase is shown. In zero field (black curve) a maximum is apparent at around 2.2 K. This maximum is slightly shifted to lower temperatures with increasing field approaching ∼ 2.0 K at µ 0 H = 9 T, for H parallel to the kagome layer. A small shoulder appears at the low temperature side for fields larger than 3 T. The entropy gain within the maximum in the specific heat at zero field is S = We have also measured the specific heat of a powder sample of YCu 3 (OH) 6 Cl 3 (orange curves in Fig.  7 ), which clearly shows the absence of magnetic order down to 0.4 K which is in agreement with the proposal of a spin-liquid ground state by W. Sun et al. [15] . Our low-temperature measurements enhance the lower boundary of the frustration parameter of YCu 3 (OH) 6 Cl 3 to Θ W /T N > 250 and clearly proves the different magnetic ground states of the two Y-Cu-OH-Cl compounds. The same linear fit procedure was done for a specific heat measurement of YCu 3 (OH) 6 Cl 3 giving γ 0 = 0.27(1) J/(molK 2 ), β 0 = 1.22(3) mJ/(molK 4 ) and θ D ≈ 312 K, revealing the structural similarity of these systems. Again, no phase transitions were observed up to 250 K.
The magnetic transition at also be determined by magnetic measurements in phase pure crystals, which show a broad maximum at 2.5 K (see Fig. 8 ). This broad transition is in contrast to the welldefined anomaly in the specific-heat measurements and might be due to a large magnetic background because of enhanced spin-fluctuations of that material. The magnetization is larger for magnetic fields applied perpendicular to the kagome planes, but the overall magnetic anisotropy is weak. The M (H) curve perpendicular to the field (inset of Fig. 8 ) shows a nearly linear increase, while the parallel one has a small kink above 2 T. This might be related to the field induced shoulder observed in the specific heat data. Both M (H) curves show no saturation up to 9 T. In comparison with Herbertsmithite, the magnetic anisotropy in Y 3 Cu 9 (OH) 19 Cl 8 is stronger but also favors the c-direction as the easy magnetic axis [30] .
IV. CONCLUSION
In conclusion, Y 3 Cu 9 (OH) 19 Cl 8 is a stoichiometric quantum spin system with well-separated kagome layers of localized Cu 2+ spins. Detailed structural refinements of hydrothermally prepared single crystals revealed a crystal structure with two different copper positions, leading to slightly anisotropic kagome layers. These structural modifications were corroborated by optical absorption experiments which, in addition, confirmed the chemical composition as the studied material shows insulating behaviour with no indications of electron doping and the proposed Dirac bands.
The partial release of magnetic frustration within the kagome layers compared to YCu 3 (OH) 6 Cl 3 is also reflected in the magnetic properties, because we observe weak but clear magnetic order at T N = 2.2 K in magnetization and specific-heat measurements on single crystals of Y 3 Cu 9 (OH) 19 Cl 8 . However, the frustration effects are still very pronounced with a frustration parameter of θW TN ∼ 50. Low-temperature specific-heat measurements on a powder sample of YCu 3 (OH) 6 Cl 3 revealed the absence of magnetic order down to 0.4 K, leading to a frustration parameter Θ W /T N > 250. Therefore, the two Y-Cu-OH-Cl compounds present an unique setting to investigate the change from a spin-liquid state to a strongly frustrated AFM ordered state, by slightly releasing the frustration in a kagome lattice via structural modification. Unlike for substitution series, as e.g. Zn x Cu 4−x (OH) 6 Cl 2 , where we always encounter crystallographic disorder, the magnetic properties of the two stochiometric compounds with fully occupied kagome sites might be much more reliable with ab-initio calculations. Additionally, these two stoichiometric kagome systems might open the way for a systematic understanding of magnetic frustration in kagome materials, which would require further more microscopic measurements of the spin-fluctuation spectrum in these two systems.
